We present the correlations between the spectroscopic metallicities and ninety-three different intrinsic colors of M31 globular clusters, including seventyeight BATC colors and fifteen SDSS and near infrared ugrizK colors. The BATC colors were derived from the archival images of thirteen filters (from c to p), which were taken by Beijing-Arizona-Taiwan-Connecticut (BATC) Multicolor Sky Survey with a 60/90 cm f/3 Schmidt telescope. The spectroscopic metallicities adopted in our work were from literature. We fitted the correlations of seventy-eight different BATC colors and the metallicities for 123 old confirmed globular clusters, and the result implies that correlation coefficients of twentythree colors r > 0.7. Especially, for the colors (f − k) 0 , (f − o) 0 , and (h − k) 0 , the correlation coefficients are r > 0.8. Meanwhile, we also note that the correlation coefficients (r) approach zero for (g − h) 0 , (k − m) 0 , (k − n) 0 , and (m − n) 0 , which are likely to be independent of metallicity. Similarity, we fitted the correlations of metallicity and ugrizK colors for 127 old confirmed GCs. The result indicates that all these colors are metal-sensitive (r > 0.7), of which (u−K) 0 is the most metal-sensitive color. Our work provides an easy way to simply estimate the metallicity from colors.
Introduction
Globular clusters (hereafter GCs) are the oldest bound stellar systems in the Milky Way and other galaxies. They provide a fossil record of the earliest stages of galaxy formation and evolution. Located at a distance of ∼ 780 kpc (Stanek & Garnavich 1998; Macri 2001) away, Andromeda (M31) is the nearest large spiral galaxy in our local group. According to the latest RBC v.4.0 (Galleti et al. 2004 (Galleti et al. , 2006 (Galleti et al. , 2007 , M31 contains more than one thousand GCs and candidates. Therefore M31 GCs provide us an ideal laboratory for us to study the nature of extragalactic GCs and to better understand the formation and evolution of M31. Furthermore, since M31 is Sb-type, which is similar to our Galaxy, it may offer us the clues to formation and evolution history of our Galaxy.
The correlation of metallicity and colors of globular clusters has been previously studied by many authors: Brodie & Huchra (1990) fitted the correlations of metallicities and (V −K), (J−K) for Galactic GCs and applied the calibrated relation to M31 GCs to derive the metallicities of M31 GCs. Barmby et al. (2000) analyzed the correlations of ten intrinsic colors ((B −V ) 0 , (B −R) 0 , (B −I) 0 , (U −B) 0 , (U −V ) 0 , (U −R) 0 , (V −R) 0 , (V −I) 0 , (J−K) 0 , (U−K) 0 ) and metallicity of 88 Galactic GCs. They find that the correlation coefficients r for all these ten colors range from 0.91 to 0.77, of which (U −R) 0 is the best metallicity indicator while (V − R) 0 is not so good. The authors also studied the (J−K) 0 and (V −K) 0 colormetallicity correlations for M31 and Milky Way globular clusters. In this work, we attempt to find the most metal-sensitive colors, which could be used for the derivation of the metallicities of GCs in the future work. It is well known that, spectroscopy is relatively expensive in terms of observational time and is rarely available for many extragalactic globular clusters. Hence it is useful to determine metallicities from photometry.
The studies on identification, classification and analysis of the M31 GCs have been started since the pioneering work of Hubble et al. (1932) , (see e.g. Vetesnik 1962; Sargent et al. 1977; Battistini et al. 1980 Battistini et al. , 1987 Battistini et al. , 1993 Crampton et al. 1985; Barmby et al. 2000) . These studies provided a large amount of photometric data in different photometric systems, i.e. CCD photometry, photoelectric photometry, and photographic plates, even visual photometry. In order to obtain homogeneous photometric catalogue of M31 GCs, Galleti et al. (2004 Galleti et al. ( , 2006 Galleti et al. ( , 2007 took the photometry of Barmby et al. (2000) as reference and transformed others to this reference and compiled the famous The Revised Bologna Catalogue of M31 GCs and GC candidates (The latest version is RBC v.4.0), where 654 confirmed GCs and 619 GC candidates of M31 have been included, and 772 former GC candidates have been proved to be stars, asterism, galaxy, region HII or extended cluster. The catalogue also includes the newly discovered star clusters from Mackey et al. (2006) , Kim et al. (2007) and Huxor (2008) . Mackey et al. (2006) reported the discovery of eight remote GCs in the outer halo of M31 by using the deep ACS images; Kim et al. (2007) found 1164 GCs and GC candidates in M31 with KPN 0.9 m telescope and the WIYN 3.5 m telescope, of which 559 are previously known GCs and 605 are newly found GC candidates; later, Huxor (2008) Peacock et al. (2010) identified M31 GCs with images from Wide Field CAMera (WFCAM) on the UK Infrared Telescope and SDSS archives, and performed the photometry for them in SDSS ugriz and infrared K bands. Furthermore, the authors combined all the identifications and photometry of M31 GCs from references and those of their new work and updated the M31 star cluster catalog, including 416 old confirmed clusters, 156 young clusters and 373 candidate clusters. Our work is based on the 416 old confirmed M31 GCs, from which we will select our sample GCs.
Studies of M31 GCs based on BATC observations are also numerous: Jiang et al. (2003) presented the BATC photometry of 172 GCs in the central ∼ 1 deg 2 region of M31 and estimated the ages for them with the Simple Stellar Population (SSP) models. After that, Fan et al. (2009) added six more new BATC observations fields surrounding the central region and performed the photometry for thirty GCs, which did not have the broadband photometry before. With the photometry, the authors, for the first time, suggested the blue tilt of M31 GCs. Ma et al. (2009) fitted the ages of thirty-five GCs of the central M31 field which were not included in Jiang et al. (2003) with BATC, 2MASS and GALEX data and the SSP models. Later, Wang et al. (2010) performed the photometry for another 104 GCs of M31 and estimated the ages by fitting the SEDs with SSP models, revealing the existence of young, the intermediate-age and the old populations in M31.
In this paper, first we used the BATC data to analyze the correlations of spectroscopic metallicities and the colors of M31 GCs. Moreover, we did the similar work with the ugrizK band data. The paper is organized as follows: Sect. 2 describes the data utilized in our work, including the spectroscopic metallicity from literature, BATC archival images and the data reduction, the ugrizK photometry from literature, along with the reddening of M31 GCs. Sect. 3 present the analysis and the results on the correlations of the metallicities and intrinsic colors for M31 GCs. The summary and remarkable conclusions of our work are in Sect. 4.
Data

The Spectroscopic Metallicities Adopted
The spectroscopic metallicities used in our analysis were from Perrett et al. (2002) , who measured the metallicites for over 200 GCs in M31 with William Herschel 4.2 m telescope in La Palma, Canary Islands from Nov. 3 to 6, 1996. The Wide Field Fibre Optic Spectrograph (WYFFOS) and two gratings (the H2400B 2400 line grating and the R1200R 1200 line grating) were applied for the observations. The dispersion of H2400B 2400 line grating is 0.8 A pixel −1 and spectral resolution is 2.5Å over the range 3700−4500Å. The dispersion of the R1200R 1200 line grating observations is 1.5Å pixel −1 and the resolution is 5.1Å over the spectral range 4400 − 5600Å. The total wavelength coverage of the spectra is ∼ 3700 − 5600 A, and it can coverage the spectral features such as CN, Hβ, the Mg b triplet, iron lines. For homogenous reason, we only adopted the spectroscopic metallicities from Perrett et al. (2002) in our work.
The BATC Archival Images and Photometry
The 15-band archival images of M31 field were obtained by BATC 60/90cm f/3 Schmidt telescope at Xinglong site of Hebei Provence, China, during 1995 February − 2008 March. The total exposure time of archival M31 BATC images is 143.9 hours with 447 frames and covering ∼ 6 deg 2 sky field. The observations and dataset are described in detail by Fan et al. (2009) . The fifteen intermediate-band filters of BATC system are specifically designed to avoid most bright night-sky emissions, covering the wavelength range of ∼3,000 to ∼10,000 A (see e.g. Fan et al. 1996; Yan et al. 2000; Zhou et al. 2003; Fan et al. 2009; Ma et al. 2009 ).
Before this work, Fan et al. (2009) have performed usual data reduction for these images, including bias subtraction and flat fielding of the CCD images, with an automatic data-reduction routine PIPELINE I, developed for the BATC sky survey based on IRAF. The BATC magnitudes are well defined and obtained in a similar way as for the spectrophotometric AB magnitude system (for details see Yan et al. 2000; Zhou et al. 2003; Ma et al. 2009 ). For BATC fifteen intermediate-band filters abcdef ghighmnop of the central field of M31 (M31-1 field), Fan et al. (2009) calibrated the combined images with Oke & Gunn (1983) standard stars (see e.g. Fan et al. 1996; Yan et al. 2000; Zhou et al. 2003) , while for the M31-2 to M31-7 fields, the secondary standard stars of the overlapping field were used for the flux calibration (for details see Fan et al. 2009 ).
In this work, we performed the aperture photometry for M31 GCs with the BATC photometric routine PIPELINE II, which is the revised version of IRAF daofind and daophot for BATC system data reduction. For aperture photometry parameters, we adopted the aperture radius r = 5 ′′ .1 and the inner sky radius and outer sky radius are ∼ 13 ′′ .6 and ∼ 22
′′ .1, respectively, which are the same parameters as those used in Jiang et al. (2003) all the images, we found the signal-to-noise ratios (SNR) of BATC a-band and b-band images are not high enough for our study, thus we do not included these images in the following work. Then, we obtained the BATC magnitudes of our sample GCs in the thirteen bands (from c to p), covering the wavelength from ∼ 4, 000 to ∼ 10, 000Å.
Because the spectroscopic metallicities of Perrett et al. (2002) were based on the [Fe/H] calibration of Brodie & Huchra (1990) , who only included old GCs in their calibration sample, only the metallicities of the old GCs in Perrett et al. (2002) are reliable. Further, it has long been known that the degeneracy of age and metallicity for SEDs and color fitting of the star clusters (see e.g. Worthey 1994; Jiang et al. 2003; Fan et al. 2006; Ma et al. 2007 ). However, fortunately, the SED/colors are only weakly correlated with age, if the GCs are old enough. Thus, if we only study the old GCs, the SED/colors are only a function of metallicity, which could eliminate effects of the other factors. For these reasons, we just used the old confirmed GCs with observed metallcities to avoid these problems and ensure our results reliable. This resulted in 144 matches between the the sample of 416 old confirmed clusters from Peacock et al. (2010) and the spectroscopic metallicity sample of Perrett et al. (2002) . All the matched M31 GCs are shown in Fig. 1 with BATC observational field overlaid. The matched GCs are marked with small circles, of which four are out of BATC field of view.
For the comparisons with the previous photometry of these M31 GCs, we transformed the BATC intermediate-band system to the UBV RI broad-band system using the transformation formulas between these two systems from Zhou et al. (2003) . The formulas were derived based on the BATC observations of the Landolt standard stars from the catalogs of Landolt (1983 Landolt ( , 1992 and Galadí-Enríquez et al. (2000) in fifteen colors. Since the photometry in the BATC a and b filters are not used in our work, we cannot obtain the U magnitudes from BATC photometry. Fig. 2 shows the comparisons of the B, V , R, and I photometry in our work with previous measurements from RBC v.4.0. The mean magnitude offsets are
19. From this figure it can be seen that the B, V and I derived from BATC photometry are consistent with that from RBC v.4.0, although there are some scatter points. It also might be noticed that the offset of the R-band photometry is slightly larger than that for the other band. This may be due to the errors in the transformation formula by using the BATC photometry of the Landolt standard stars, since the spectrum of a globular cluster and a star is different. Further, we should be aware of heterogeneous photometry summarized in RBC v.4.0 although the authors made great effort to make it uniform, which might still introduce the offset in the comparisons. In general, we believe that our photometry is consistent with the previous studies and it will not produce bias or affect our results in our work. 
The ugrizK Photometry from literature
As we described in Sect. 1, Peacock et al. (2010) identified M31 GCs with the SDSS archive and images taken from Wide Field CAMera (WFCAM) on the UK Infrared Telescope. The authors used the SExtractor (Bertin & Arnouts 1996) for the identifications and photometry of sources in SDSS images and they found good consistency with the previous photometry. The K-band images were reduced with the WFCAM pipeline and the magnitudes were calibrated with the 2MASS Point Source Catalogue. Thus, we draw the attention of readers that the ugriz photometry of Peacock et al. (2010) is in AB-based photometric system while for the K photometry is in Vega-based photometric system. In our work, we did not transform all the magnitudes into the same (AB-based or Vega-based) photometric system because such color shift will not affect the correlations coefficients in our analysis. Further this way could keep consistency and avoid confusion. Finally the authors listed the photometry for 416 old confirmed M31 GCs in the SDSS ugriz bands and 2MASS K band, which may be the latest work for study of M31 GCs. This photometry catalogue will be utilized for our following analysis.
The Reddenings of M31 GCs
In order to obtain the intrinsic colors for the sample GCs, all the colors derived in our work should be corrected by reddening. Here we adopted the reddening from Barmby et al. (2000) and Fan et al. (2008) , which are the two most comprehensive reddening catalogue for M31 GCs so far. Barmby et al. (2000) calibrated the relations of the intrinsic color and metallicity and the Q−parameters for the Galactic GCs and then applied the relations to M31. The authors assumed that the extinction laws of M31 and Milky Way are the same, and they proved that the assumption is reasonable, which indicates their results are reliable. Finally, Barmby et al. (2000) determined the reddenings for 314 of M31 GCs and GC candidates, of which 221 are reliable (from the private communication). Later, Fan et al. (2008) used the similar method with the photometry of RBC v.3.5 (Galleti et al. 2004 ) and enlarged the reddening sample of M31 GCs to 443 ones, half of which have E(B − V ) ≤ 0.2. Moreover, Fan et al. (2008) find good agreement between their reddening with the previously determined reddening of Barmby et al. (2000) . These two reddening catalogues of M31 GCs will be applied for our following study.
Analysis and Results
In this section, we investigate the correlations between spectroscopic metallicities and the BATC colors; further we analyzed the similar correlations for ugrizK colors in Peacock et al. (2010) . The main goal of this paper is to find the most metal-sensitive and most metalnonsensitive colors, which might provide a method for roughly estimating the metallicities just by colors.
The Correlations of BATC colors and metallicities
From the 140 GCs in the BATC field of Fig. 1 , there are still nine clusters which we cannot obtain accurate photometric measurements due to nearby bright objects (B065-G126, B091D-D058, B160-G214 and B072), very low signal-to-noise (B305-D024), or steep gradients in the galaxy light near the nucleus (B129). Moreover, there are some problems with the photometry of three GCs: B127-G185, B225-G280 and B306-G029. We found "emission lines" in their SEDs, however, after careful checking of images, it turns out to be not real. For these reasons, we exclude these nine clusters from our sample and reduce the number of sample GCs to 131, which have the reliable BATC photometry.
Because we only concern the intrinsic colors, all the observed colors obtained in our work are required to be corrected by reddening. As recalled in Sect. 2.4, the reddening of M31 GCs from Fan et al. (2008) and Barmby et al. (2000) will be applied for the estimation of intrinsic colors. For each object, we searched and adopted the reddening from Fan et al. (2008) as priority, since it is homogeneous and the number of GCs included is greater than that of Barmby et al. (2000) . If a GC does not have the reddening in Fan et al. (2008) , we used the reddening of Barmby et al. (2000) instead. Considering the reddening can affect the color (hence the correlations) significantly, the GCs which do not have reddenings from either Fan et al. (2008) or Barmby et al. (2000) are excluded from our analysis. After the elimination, we obtain 123 old confirmed GCs with known reddening, which will be used as our final sample for the analysis of correlations between the metallicity and BATC colors.
As discussed in Sect. 2.2, the images in the thirteen BATC bands (from c to p band) were used in our work, thus seventy-eight different colors could be derived and used in the correlations analysis. We plotted the correlations between all the BATC intrinsic color and the metallicities from Perrett et al. (2002) in Fig.3 . We performed the linear regressions of the intrinsic colors against metallicity correlations for the 123 GCs of M31 with an equation below,
Here we use (x − y) 0 as general notation to represent any intrinsic BATC color. It is worth noting that there are several outliers in Fig.3 , which seems not to follow the general trend very well. This may be due to the errors on the metallicity, inaccurate reddening estimates, or the errors on the photometry. Further, although the GCs in our sample are old and the SEDs almost the same, the slight difference of ages also might cause such scatter. Table 1 lists the BATC intrinsic colors, intercede a and slope b, the correlation coefficients r, fitting point numbers of our sample of M31 GCs. Finally, we find that correlation coefficients of 23 colors r > 0.7. In particular, even for the colors (f − k) 0 , (f − o) 0 , (h − k) 0 , the correlation coefficients r > 0.8. These metal-sensitive colors could be used for estimating the metallicity in the future work. However, it should also be noted that the correlation coefficients approach zero for (g − h) 0 , (k − m) 0 , (k − n) 0 , (m − n) 0 , which are nearly independent of metallicity. This result can be explained by there being less absorption lines in the corresponding wavelength span.
The Correlations of ugrizK colors and metallicities
Similar to the procedure in Sect. 3.1, in the following section, we will analyze the correlations between SDSS ugriz and K colors from Peacock et al. (2010) and the spectroscopic metallicities of Perrett et al. (2002) . In total, we obtained 127 matches between the old confirmed GCs sample in Fig. 1 and the reddening values of Sect. 2.4, which is the final sample for the fittings of the correlations between metallicities and ugrizK colors. In order to thoroughly study the correlations with these photometry, we investigated all the fifteen different colors, for each of which, we plot the linear fitting between the color and metallicities with Eq.(1) in Fig. 4 . Similar to Table 1 , the intercede a, slope b and the correlation coefficients r are summarized in Table 2 . Apparently, all the correlation coefficients (r ) are high (r > 0.7), suggesting the ugrizK colors are very metal-sensitive. The lowest correlation coefficient is r (i−z) = 0.701 while the highest one is r (u−K) = 0.845, which might be due to (u−K) 0 is the widest wavelength coverage color and most absorption lines are included in this range. Whilst, for the (i − z) 0 color, the absorption line number should be the least.
It is interesting that Peng et al. (2006) studied the correlation of [Fe/H] and the (g − z) 0 for 95 GCs from Milky Way, M87 and M49, and they found that the correlation is very likely nonlinear. Instead, they used a broken linear relation to fit their data. However, such fitting also suffers from scatter and the constraint is not very robust. In fact, we cannot tell which fitting (either the linear or the nonlinear) is significantly better than the other from Fig.  4 . In this case, our purpose is to find the metal-sensitive colors and thus the one-order approximation is sufficient. 
Summary
Our work provides the most metal-sensitive colors of M31 GCs which could be utilized for roughly estimating the metallicity of GCs from their colors. The observational spectroscopic metallicities applied in our analysis were from Perrett et al. (2002) and the colors are derived from BATC photometry and Peacock et al. (2010) .
First, we performed the photometry with BATC archival images from c to p band, covering the wavelength from ∼ 4,000 to ∼ 10,000Å and obtained the BATC colors for 123 confirmed old GCs. The reddening values for the color corrections are from Fan et al. (2008) and Barmby et al. (2000) . For the thorough study, all the seventy-eight different BATC colors are used for the correlation analysis. Our fitting result shows that correlation coefficients of 23 colors r > 0.7. Especially, for the colors (f − k) 0 , (f − o) 0 , (h − k) 0 , the correlation coefficients r > 0.8. Meanwhile, the correlation coefficients approach zero for (g − h) 0 , (k − m) 0 , (k − n) 0 , (m − n) 0 , which can be explained by lacking absorption lines.
Further, we also fitted the correlations of metallicity and ugrizK colors for the 127 old confirmed GCs with the photometry from Peacock et al. (2010) . Similarly, all the fifteen colors are utilized for analysis. The fitting result indicates that all these colors are metalsensitive with correlation coefficients r > 0.7. In particular, (u−K) 0 is the most metalsensitive color while (i − z) 0 is the metal-nonsensitive color.
